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Abstract: Transgenic trees as a new source for biofuel have brought a 
great interest in tree biotechnology. Genetically modifying forest trees 
for ethanol production have advantages in technical challenges, costs, 
environmental concerns, and financial problems over some of crops. 
Genetic engineering of forest trees can be used to reduce the level of 
lignin, to produce the fast-growing trees, to develop trees with higher 
cellulose, and to allow the trees to be grown more widely. Trees can 
establish themselves in the field with less care of farmers, compared to 
most of crops. Transgenic crops as a new source for biofuel have been 
recently reviewed in several reviews. Here, we overview transgenic 
woody plants as a new source for biofuel including genetically modified 
woody plants and environment; main focus of woody plants genetic 
modifications; solar to chemical energy transfer; cellulose biosynthesis; 
lignin biosynthesis; and cellulosic ethanol as biofuel. 
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Introduction 

Transgenic trees can be a new energy source of biofuel like 
ethanol (Chen et al. 2013; Cho et al. 2011; Demain et al. 2005). 
Genetic engineering approach has been used to change the prop¬ 
erty of the wood, to increase the amount of cellulose, to reduce 
the amount of lignin (Batard et al. 1997; Baucher et al. 1996; 
Bell-Lelong et al. 1997; Busam et al. 1997; Byrt et al. 2012). 
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Lignin interferes with efforts to turn cellulose into biofuel like 
ethanol. Because lignin provides trees with structural stiffness 
and resistance to pests, reducing lignin too much could lead to 
wobbly, vulnerable trees (Landry et al. 1995; Lee et al. 1997; 
Lorenzen et al. 1996). Therefore, production of transgenic tree 
with a certain amount of lignin and normal growth and develop¬ 
ment will be more attractive for biofuel energy industry (Demain 
et al. 2005; Meyer et al. 1996; Mizutani et al. 1997). Although, 
these projects will face resistance from others who see trees as 
majestic symbols of pristine nature that should not be genetically 
altered like corn and soybeans. 

Ethanol is mainly made from the starch in grain. To increase 
the supply in the energy industry, scientists are looking at using 
cellulose, a main component of wood in trees, to produce ethanol. 
Trees are good sources of cellulose and are also good at absorb¬ 
ing carbon dioxide in helping to fight global wanning (Demain et 
al. 2005). Trees can be cut as needed rather than having to be 
harvested at a given time each year like a crop. However, the 
cellulose is covered by lignin, which makes it difficult for en¬ 
zymes to reach the cellulose and to break it down into simple 
sugars that can be converted to ethanol (Ruegger et al. 1999; 
Sewalt et al. 1997; Vignols et al. 1995). Pulp and paper compa¬ 
nies break down lignin using acids and steam. Ethanol producers 
would have to do the same. Reducing these steps could save at 
least 10 cents a gallon in ethanol costs. Genetic engineering 
plays an important role in modifying trees to produce transgenic 
trees with a certain amount of lignin and with normal growth 
(Busam et al. 1997; Chappie et al. 1992; Hawkins et al. 1997; 
Inoue et al. 1998; Kajita et al. 1997; Kajita et al. 1996; 
Koopmann et al. 1999). 

Transgenic trees as a new source of biofuel bring promising in 
the field of tree biotechnology and forest and energy industries 
(Demain et al. 2005). Several companies are being active in pur¬ 
suing genetic engineering of forest trees, such as developing a 
low-lignin eucalyptus that it hopes to sell in South America, 
where the fast-growing trees are already used for pulp and paper, 
developing a eucalyptus genetically engineered to survive cold 
snaps, generating transgenic trees with salt and cold tolerance, 
and producing the trees to be grown more widely (Klinke et al. 
2004; Madore and Grodzinski 1984; Mosier et al. 2005; Ohsugi 
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and Huber 1987). Transgenic trees provide great potential for 
biofuel (Demain et al. 2005; Klinke et al. 2004; Turgeon and 
Wimmers 1988). Here, we overview transgenic woody plants as 
a new source for biofuel including (1) genetically modified tree 
and environment; (2) main focus of tree genetic modifications; (3) 
solar to chemical energy transfer; (4) cellulose biosynthesis; (5) 
lignin biosynthesis; and (6) cellulosic ethanol as biofuel. 

Genetically modified tree and environment 

There is growing pressure to commercialize the numerous ge¬ 
netically modified tree species that have been modified with a 
variety of transgenes for plantations and for biofuel worldwide 
(Demain et al. 2005; Noctor and Foyer 1998; Tang 2003; Tang 
and Newton 2005). It has been reported that genetically modified 
crops save carbon emissions by reducing pesticide use through 
insecticidal B.t. crops and by sequestering carbon in the soil 
through conservation tillage with herbicide tolerant crops (Ohsugi 
and Huber 1987; Tuominen et al. 1995; Turgeon and Wimmers 
1988). In 2005, it claims, the combined savings were equivalent to 
9 million metric tons of carbon dioxide, or removing 4 million 
cars from the road. And looking to the future, even greater con¬ 
tributions could be made through cultivation of additional areas of 

Table 1: Influence of genetically modified tree species on environment 
Potential hazards of genetically modified tree species 


genetically modified energy crops to produce ethanol and bio¬ 
diesel (Noctor and Foyer 1998; Tang and Newton 2004; Tang et 
al. 2006). 

Genetically modified tree species include tropical trees such as 
banana, avocado, grapefruit, lime, papaya and coffee, horticul¬ 
tural fruits such as apple, plum, pear and walnut, and forest and 
shade trees such as eucalyptus, American chestnut, American elm, 
poplar, cottonwood, aspen, spruce, and pine (Noctor and Foyer 
1998; Robinson 1999; Tuominen et al. 1995). Transgenic traits 
range from disease or insect resistance and herbicide tolerance, to 
lignin modifications, sterility, and bioremediation in Belgium, 
Canada, France, Finland, New Zealand, Norway, Portugal, Spain 
and Sweden, Brazil, China, Chile, South Africa and Uruguay 
(Meyer et al. 1996; Noctor and Foyer 1998; Robinson 1999). Four 
traits accounted for 80 percent of the permit applications: herbi¬ 
cide tolerance, marker genes, insect resistance, and lignin modi¬ 
fication. Of the tree species involved, Populus, Pinus, Liquid- 
ambar, and Eucalyptus account for 85 percent of applications. 
However, genetically modified trees have some of the potential 
hazards of genetically modified crops and genetically modified 
organisms. Table 1 lists some of the potential hazards of trans¬ 
genic trees, which shared with transgenic crops (Tuominen et al. 
1995; Weigel and Nilsson 1995; Wingate et al. 1988). 
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Synthetic genes and gene products new to evolution could be toxic for humans and other animals 
or provoke serious immune reactions and increase the risk of human health if they are not treated 
well and wisely. 

The uncontrollable, imprecise process involved in making transgenic species can generate unin¬ 
tended toxic and immunogenic products, exacerbated by the instability of the transgenic lines 
There is an opportunity that endogenous vimses, in which cause diseases, could be activated by the 
transgenic process some times. 

The synthetic genes in transgenic plants, including copies of genes from bacteria and vimses that 
cause disease as well as antibiotic resistance genes, may be transferred to other species via pollen, 
or by direct integration into other genomes in horizontal gene transfer 

Disease-causing vimses and bacteria are created by horizontal transfer and recombination of the 
synthetic genes and genetic modification is nothing if not facilitated and greatly enhanced hori¬ 
zontal gene transfer and recombination 

Transgenic plants DNA are designed to invade genomes and insertion into the genome of animals 
including human beings results in insertion mutagenesis some of which may trigger cancer 
Herbicide tolerant transgenic plants accumulate herbicide and herbicide residues that could be 
highly toxic to humans and animals as well as plants 


(Tuominen, et al. 1995; Weigel and Nilsson 1995; 
Wingate, et al. 1988) 

(Ohsugi and Huber 1987; Wingate, et al. 1988) 

(Bell-Lelong, et al. 1997; Landry, et al. 1995; Lee, 
et al. 1997; Lorenzen, et al. 1996) 

(Baucher, et al. 1996; Wingate, et al. 1988) 


(Joyce and Stewart 2012; Jung, et al. 2012; 
Kajita, et al. 1997) 

(Vignols, et al. 1995; Warren 1996; Weigel and 
Nilsson 1995) 

(Weigel and Nilsson 1995; Wingate, et al. 1988) 


It has been claimed that conifer pollen dispersed to between 6 
and 800 m from a source (Dharmawardhana et al. 1999; Tang et al. 
2004; Tang and Newton 2005; Whetten and Sederoff 1995). 
Eucalyptus pollen is spread by small insects, which can carry 
pollen to distances of 1.6 km. It is essentially impossible to con¬ 
tain transgenic trees. The probability that pine seeds are trans¬ 
ported further than one km from a source was nearly 100 percent 
(Dharmawardhana et al. 1999; Tang et al. 2004; Tang and Newton 
2005; Whetten and Sederoff 1995). Regulators are now suggest- 
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ing that regulations should be made to accommodate the uncon¬ 
trolled release of transgenic trees with transgenes for herbicide 
tolerance, insect resistance or low lignin content (Rasmussen and 
Dixon 1999; Samuels et al. 2002; Zhong et al. 1998). A recent 
field study showed that the trees with reduced lignin decomposed 
more rapidly in the soil and that decay was associated with major 
restructuring of the soil microbial communities, the adverse im¬ 
pacts of which have yet to be fully evaluated (Tang and Newton 
2003; Zhong et al. 1998). 
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There has been a suggestion of using old forests as buffer zones 
to contain transgenic trees (Tang and Newton 2003; Zhong et al. 
1998). However, scientists in the United States see transgenic 
contamination as inevitable, and introducing transgenic forest 
trees as opening a Pandora's box in ecological term. It could be a 
recipe for disaster as transgenic tree pollen contaminates indige¬ 
nous species in the old forest and undermine its tightly balanced 
circular ecology that's vital for regulating climate (Tuominen et al. 
1995; Zhong et al. 1998). Viral gene vectors have also been de¬ 
veloped to rapidly produce large quantities of pharmaceutical 
proteins in plants. Gene silencing provides a means of regulating 
metabolic pathways and controlling plant diseases, and small 
synthetic RNA molecules have been developed to control plant 
viruses (Tuominen et al. 1995; Zhong et al. 1998). Such synthetic 
RNA molecules are readily delivered using viral vectors, which 
could be sprayed onto forest stands from helicopters. Small RNA 
molecules require careful and extensive safety evaluations 
(Saathoff et al. 2013; Tuominen et al. 1995; Zhong et al. 1998). 
Forests sprayed with small RNA vectors will probably have dis¬ 
astrous effects on bystander plants and animals including humans. 
However, transgenic trees used for the production of biofuel 
would have much less hazards as concerned. Almost all of 
transgenic trees are approved to be economically important. 

Main focuses of tree genetic modifications 

The main focus of genetic modifications in forest trees has been 
on herbicide tolerance, insect resistance, and flowering control 
(Koopmann et al. 1999; Meyer et al. 1996), but some other new 
developments are being made. There is great potential for trans¬ 
genic trees as a new energy source of biofuel like ethanol. 
Transgenic poplar with enhanced growth was constructed using a 
maize uridinediphosphoglycosyltransferase gene accompanied by 
an Arabidopsis gene for acyl-CoA-binding protein, which en¬ 
hanced the production of the growth hormone indoleacetic acid. 
The transgenic poplar grew much faster than the unmodified 
poplar (Noctor and Foyer 1998; Weigel and Nilsson 1995). An 
ethanol-inducible promoter from the fungus Aspergillus driving a 
GUS color marker gene was used to transform aspen. Ethanol or 
ethanol vapour, at concentrations as low as 0.5 percent, induced 
the expression of marker gene (Busam et al. 1997; Mizutani et al. 
1997). A bacterial gene for producing mannitol from fructose was 
used to induce salt- tolerance in Chinese white poplar ( Populus 
tomentosa ) (Busam et al. 1997; Mizutani et al. 1997; Noctor and 
Foyer 1998). 

Transformation of a poplar hybrid with the tryptophan decar¬ 
boxylase gene from Camptotheca acuminate caused the gene to 
over-express. The tryptophan decarboxylase converts tryptophan 
into tryptamine, which provides resistance to caterpillars of Ma- 
lacosoma disstria (Davin and Lewis 2000; Tang et al. 2005; 
Zhang et al. 2013; Zhong et al. 1998). Excess of tryptamine may 
result in hallucinogenic tryptamines, but that aspect was not ex¬ 
plored. A transcription factor from Capsicum annuum (pepper) 
transferred to pine trees resulted in enhanced multiple stress 
tolerance such as drought, salt and freezing tolerances. The tran¬ 


scription factor increases polyamine biosynthesis (Robinson 1999; 
Tuominen et al. 1995), which increases the ability of transgenic 
plants to tolerance to oxidation stress. The main focus of tree 
genetic modifications is listed in Table 2. 

It seems likely that marker assisted selection may provide the 
most long lasting and best fruit-tree improvement. Even though 
most of the work on transgenic forest and fruit trees is well meant 
and promises rich financial reward, Transgenic trees considered to 
be commercialized or released should be fully evaluated first 
(Tang and Newton 2003; Ye 1997; Zhong et al. 1998). A mora¬ 
torium on release of all transgenic trees is essential because the 
inevitable spread of transgenes in pollen and seed cannot be pre¬ 
vented (Tang and Newton 2003; Ye 1997; Zhong et al. 1998). 
Transgenic trees as a source of biofuel will bring great promising 
to energy industry, but we must be fully evaluated them before the 
commercialization. 

Conversion of light energy into chemical energy 

The ability to use solar power to generate liquid carbon-based 
biofuel has the great potential to generate energy for transporta¬ 
tion. Biotechnologists have shown that it is applicable to produce 
biofuel use biomass derived from solar energy (Davin and Lewis 
2000; Everard et al. 1994; Giaquinta et al. 1983; Gibson et al. 
2011). Although, researchers are working on direct conversion of 
solar energy to chemical energy and they demonstrated that light 
absorbed and converted into electricity by a silicon electrode can 
help drive a reaction that converts carbon dioxide into carbon 
monoxide and oxygen. Carbon monoxide is a key ingredient in a 
process for making synthetic fuels, including methanol, and 
gasoline (Demain et al. 2005; Everard et al. 1994). Hydrogens 
can be attached to the carbon and hooked up into long enough 
chains and the hydrocarbons become liquid at room temperature, 
which can be used as fuel for a gas tank and cruise (Demain et al. 
2005; Noctor and Foyer 1998; Warren 1996). Although it is pos¬ 
sible that solar power could run chemical processes to produce 
liquid fuels, it is more promising to produce biofuel from bio¬ 
mass. Transgenic trees provide more potential as a source of 
biofuel because trees synthesize sugar with photosynthesis. 

The dark reaction takes place in the stroma within the chloro- 
plast, and converts C0 2 to sugar. This reaction doesn't directly 
need light in order to occur, but it does need the products of the 
light reaction (ATP and another chemical called NADPH). The 
dark reaction involves a cycle called the Calvin cycle in which 
C0 2 and energy from ATP are used to form sugar (Giaquinta et 
al. 1983; Warren 1996). Actually, notice that the first product of 
photosynthesis is a three-carbon compound called glyceralde- 
hyde 3-phosphate. Almost immediately, two of these join to form 
a glucose molecule (Fig. 1). Most plants put C0 2 directly into the 
Calvin cycle. Thus the first stable organic compound formed is 
the glyceraldehyde 3-phosphate (Noctor and Foyer 1998; Warren 
1996). Plants lessen the amount of water that evaporates by 
keeping their stomates closed during hot, dry weather. Typically 
the grass in our yards just turns brown and goes dormant. Plants 
capture C0 2 in a different way: they do an extra step first, before 
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doing the Calvin cycle. Plants have a special enzyme that can 
work better, even at very low C0 2 levels, to grab C0 2 and turn it 
first into oxaloacetate, which contains four carbons (Madore and 


Grodzinski 1984; Ohsugi and Huber 1987; Turgeon and 
Wimmers 1988). The C0 2 is then released from the oxaloacetate 
and put into the Calvin cycle (Fig. 1). 


Table 2: The main focus of tree genetic modifications 
The main focus of tree genetic modifications 

1 Insect resistance: Poplars and pine modified with the Bt Cry 1 Ac gene or with a Cry 1 Ac gene fusion with the 
cowpea protease inhibitor gene have been extensively deployed. 

2 Flowering control: Transgenic poplars have been developed. 

3 Herbicide tolerance: Transgenic poplars and pine have been developed with enhanced growth. 

4 Inducible expression: An ethanol-inducible promoter from the fungus Aspergillus driving a GUS colour marker 
gene was used to transform aspen. Ethanol or ethanol v(Lee, et al. 1997; Robinson 1999)apour at concentrations 
as low as 0.5 percent induced the marker gene. 

5 Salt tolerance: A bacterial gene for producing mannitol from fructose was used to induce salt- tolerance in 
Chinese white poplar (Populus tomentosa). 

6 Resistance to caterpillars: Transformation of a poplar hybrid with the tryptophan decarboxylase gene from 
Camptotheca acuminate caused the gene to over-express. The tryptophan decarboxylase converts tryptophan 
into tryptamine, which provides resistance to caterpillars of Malacosoma disstria. 

7 Drought tolerance: A transcription factor from Capsicum annuum (pepper) transferred to pine trees resulted in 
enhanced multiple stress tolerance (drought, salt and freezing). The transcription factor increases polyamine 
biosynthesis. 

8 Vims resistance: Fmit trees are much targeted by genetic engineers. Papaya and plum trees resistant to vims 
were the first trees approved, or petitioned for commercial release in the United States, with flagrant disregard 
of safety 

10 Herbicide tolerance: A grape stilbene synthase gene accompanied by a bar gene for herbicide tolerance was 
used to transform apple to enhance picied (reveratrol glucoside) production in the apple. Picied is both a 
phytoelexin for pest control and a health-promoting antioxidant 

11 Fungal resistance: Bacterial fire blight disease is a significant problem in pear and apple. Pears were trans¬ 
formed with a gene from a bacteria phage that dissolves the extracellular polysaccharide of the bacterial pest. 
The transgenic pears were only partially resistant to the bacterial pathogen but researchers thought improve¬ 
ments in the process might be possible 

12 DNA degradation: Transgenic orange trees with a GUS marker gene driven by a CaMV promoter accompanied 
by a neomycin antibiotic resistance gene bore fmit that was harvested. The fmit was processed to make juice, to 
which was added bacterial plasmid DNA, yeast DNA and additional transgenic orange DNA. The orange 
juice-DNA soup was then pasteurized and stored. The pasteurization and acidic environment of the orange juice 
degraded all of the added and endogenous DNA molecules to molecular sizes smaller than the size required for 
bacterial transformation 

13 Frost tolerance: Trifoliate orange {Poncirus trifoliate ) is a member of the family Rutaceae closely related to 
Citms, and sometimes included in that genus, being sufficiently closely related for it to be used as a rootstock 
for Citms. The plant is fairly hardy and will tolerate moderate frost and snow, making a large shmb or small tree 
4-8 m tall. Because of the relative hardiness of Poncirus , citms grafted onto it are usually hardier than when 
grown on their own roots. Reducing the generation time can greatly facilitate genetic improvement of the 
rootstock for commercial citms production, subject to satisfactory safety assessment. 
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Photosynthesis is the conversion of light energy into chemical 
energy by living organisms. It is affected by its surroundings and 
the rate of photosynthesis is affected by the concentration of 
carbon dioxide, the intensity of light, and the temperature. Pho¬ 
tosynthesis occurs in two stages. In the first phase, in the light 
reactions, one molecule of the pigment chlorophyll absorbs one 
photon and loses one electron. This electron is passed to a modi¬ 
fied form of chlorophyll called pheophytin, which passes the 
electron to a quinone molecule, allowing the start of a flow of 
electrons down an electron transport chain that leads to the ulti- 
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mate reduction of NADP into NADPH. In addition, it serves to 
create a proton gradient across the chloroplast membrane; its 
dissipation is used by ATP synthase for the concomitant synthe¬ 
sis of ATP. The chlorophyll molecule regains the lost electron by 
taking one from a water molecule through a process called 
photolysis that releases oxygen gas. During the second phase, the 
light-independent reactions use the enzyme RUBISCO captures 
carbon dioxide from the atmosphere and in a process that re¬ 
quires the newly-formed NADPH, called the Calvin-Benson 
cycle releases three-carbon sugars, which are later combined to 
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6 C0 2 + 6 H 2 0 --> C 6 H-| 2 0 6 + 6 0 2 


Fig. 1 : Photosynthesis and energy conversion 


To be more specific, carbon fixation produces an intermediate 
product, which is then converted to the final carbohydrate prod¬ 
ucts. The carbon skeletons produced by photosynthesis are then 
variously used to form other organic compounds, such as the 
building material cellulose, as precursors for lipid and amino 
acid biosynthesis, or as a fuel in cellular respiration (Davin and 
Lewis 2000; Everard et al. 1994; Vignols et al. 1995; Warren 
1996). Although all cells in the green parts of a plant have 
chloroplasts, most of the energy is captured in the leaves. The 
cells in the interior tissues of a leaf, called the mesophyll, can 
contain between 450,000 and 800,000 chloroplasts for every 
square millimeter of leaf. The surface of the leaf is uniformly 
coated with a water-resistant waxy cuticle that protects the leaf 
from excessive evaporation of water and decreases the absorp¬ 
tion of ultraviolet or blue light to reduce heating (Everard et al. 
1994; Giaquinta, et al. 1983; Warren 1996). The transparent 
epidermis layer allows light to pass through to the palisade 
mesophyll cells where most of the photosynthesis takes place. 
Plants convert light into chemical energy with a maximum pho¬ 
tosynthetic efficiency of approximately 6%. By comparison solar 
panels convert light into electric energy at a photo synthetic effi¬ 
ciency of approximately 10-20%. Actual plant's photo synthetic 
efficiency varies with the frequency of the light being converted, 
light intensity, temperature and proportion of C0 2 in atmosphere 
(Everard et al. 1994; Giaquinta, et al. 1983; Warren 1996). Sugar 
produced through photosynthesis is the source of biosynthesis of 
starch, cellulose, and lignin. Cellulose is the new source of bio¬ 
fuel. 


Cellulose biosynthesis 

Cellulose synthesis (Fig. 2) is important in plant biochemistry. 
The basic synthetic event of cellulose synthesis is the polymeri¬ 


zation of glucose residues from a substrate such as UDP-glucose 
to form the homopolymer p-l,4-(3-glucan (Hawkins, et al. 1997; 
Meyer, et al. 1996). The stereochemistry, which is related to the 
forms and patterns in which cellulose is deposited in nature, 
imposed by the (3-1,4-glycosidic linkage creates a linear, ex¬ 
tended glucan chain in which every other glucose residue is ro¬ 
tated -180° with respect to its neighbor (Fig. 2). Cellulose in 
nature never occurs as a single chain but exists from the time of 
synthesis as a composite of many chains, called microfibrils (Fig. 
2). Chain length can vary among organisms, ranging from a low 
of -2000 up to -20,000 glucose residues, and virtually nothing is 
known about how chain length is determined (Dixon, et al. 2001; 
Samuels, et al. 2002; Ye 1997). 
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Fig. 2 : Cellulose biosynthesis 

Cellulose synthesis starts from a-D-Glucose. Glucokinase utilizes water solu¬ 
ble a-D-glucose and one phosphate molecule of an ATP molecule to produce 
a-D-glucose-6-phosphate, which is converted by phosphoglucomutase to 
a-D-glucose-1-phosphate. UDP-glucose pyrophosphorylase (UDP-PP) re¬ 
moves one organic phosphate from a-D-glucose-1-phosphate to produce 
UDP-glucose, which is soluble in the cytoplasm and is the precursor for the 
generation of microcrystalline cellulose. With polymerization of UDP glucose 
and formation of glucan chains, the glucan chains then extrude into the plant 
cell wall where they coalesce to form micro fibrils. In micro fibrils, the multiple 
hydroxyl group of the glucose residues of one glucan chain form hydrogen 
bonds with oxygen molecules of another glucan chain, resulting in firm 
side-by-side chains of glucans with high tensile strength cellulose microfibrils. 
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Cellulose provides strength to the primary walls of dividing 
and elongating cells. In most primary walls, cellulose exists as 
elementary fibrils that form a complex with xyloglucan (Warren 
1996; Whetten et al. 1998). In mature plants, the overall strength 
of the plant derives mainly from the very thick secondary cell 
walls characteristic of many mature cell types of the plant. The 
process of cellulose deposition plays another critical role in de¬ 
termining the development of plant development (Demain et al. 
2005; Lorenzen et al. 1996). The process of cellulose synthesis 
not only involves chain polymerization but also includes mecha¬ 
nisms that determine how no single system has emerged as ideal 
for the study of cellulose biosynthesis (Demain et al. 2005; 
Warren 1996; Whetten et al. 1998). The microfibrils from each 
synthetic site merge to form a large ribbon of cellulose and these 
ribbons and associated cells tangle and form a floating pellicle 
that allows the nonmotile, strictly aerobic bacteria to grow in the 
higher oxygen tension at the surface (Joseleau and Ruel 1997; 
Mudalkar et al. 2013; Nair et al. 2002). A cellulose synthase 
activity has been demonstrated, and many sophisticated genetic 
approaches are available that make it very attractive for devel¬ 
opmental studies of cellulose biosynthesis (Byrt et al. 2012; 
Culleton et al. 2013; Demain et al. 2005). 

In higher plants, cotton fibers represent an interesting object of 
study (Demain et al. 2005; Everard et al. 1994). Cellulose from 
cotton constitutes more than 90% of the dry weight of the mature 
fiber cell. Cotton fibers are single cells that elongate from the 
epidermal layer of the ovule, and they elongate synchronously 
within the boll. At the transition to secondary wall synthesis, the 
fibers transiently synthesize callose, followed by massive depo¬ 
sition of secondary wall cellulose (Everard et al. 1994; Noctor 
and Foyer 1998; Warren 1996), in which the microfibrils are 
deposited in helical arrays in successive layers of alternating 
pitch. Functional genomics and mutant studies have played im¬ 
portant parts in the identification of genes that are involved in 
both cellulose and hemicellulose biosynthesis (Fig. 2). Although 
cellulose biosynthesis has been studied for decades, most steps in 
this pathway are not yet well understood (Everard et al. 1994; 
Noctor and Foyer 1998; Warren 1996). Future studies will be 
geared towards an improved understanding of the biosynthesis of 
these plant cell-wall polysaccharides, and towards their genetic 
manipulation to increase polysaccharides for improved cellulosic 
biofuel production. Recent large grants for biofuel research are 
aimed at these issues (Turgeon and Wimmers 1988; Vignols et al. 
1995). 

Increased overall biomass could also be achieved by geneti¬ 
cally modifying plants. This could include modification of plant 
growth regulators. For example, transgenic hybrid poplar with 
increased gibberelin biosynthesis displayed improved growth and 
an increase in biomass (Everard et al. 1994; Giaquinta et al. 
1983), probably owing to the effects of gibberelin on plant height. 
There are also several other potential routes to increasing overall 
plant biomass (Everard et al. 1994; Giaquinta et al. 1983; Ryser 
et al. 1997). Assuming there are no limitations to the supplies of 
water, fertilizer or sunlight, feedstock biomass is the product of 
the solar radiation over the cropping duration. Both increasing 
biomass and improving cellulose content make transgenic trees 
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more promising as a source of biofuel (Everard et al. 1994; 
Giaquinta et al. 1983). 

Lignin biosynthesis 

Lignin is a complex chemical compound most commonly de¬ 
rived from wood and an integral part of the cell walls of plants. 
Lignin fills the spaces in the cell wall between cellulose, hemi¬ 
cellulose, and pectin components, especially in tracheids, 
sclereids and xylem (Whetten and Sederoff 1995; Whetten et al. 
1998; Wingate et al. 1988). Lignin plays a significant role in the 
carbon cycle, sequestering atmospheric carbon into the living 
tissues of woody perennial vegetation. There are three mono- 
lignol monomers, methoxylated to various degrees: ;?-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol (Fig. 3). The bio¬ 
synthesis of the monolignols starts with the deamination of 
phenylalanineand involves successive hydroxylation reactions of 
the aromatic ring, followed byphenolic (9-methylation and con¬ 
version of the side-chain carboxyl to an alcohol group. Mono- 
lignol biosynthesis is presented in Figure 3, which includes the 
enzymatic conversions that have been shown by in vitro experi¬ 
ments (Whetten and Sederoff 1995; Whetten et al. 1998; 
Wingate et al. 1988). The hydroxylation and methylation reac¬ 
tions occur at the level of the cinnamicacids and that p- coumaric, 
ferulic, and sinapic acid are subsequently converted to the corre¬ 
sponding monolignols by the sequential action of 
4-coumarate:CoA ligase (4CL), Cinnamoyl-CoA reductase 
(CCR), Cinnamyl alcohol dehydrogenase (CAD). However, a 
number of in vitro enzymatic assays with heterologously pro¬ 
duced enzymes, the identification of novel genes implicated in 
the pathway, and analyses of mutant and transgenic plants modi¬ 
fied in monolignol biosynthesis have cast doubt on this route 
(Whetten et al. 1998; Zhong et al. 1998). 

The pathway of monolignol biosynthesis was proposed from 
the observation that expression of caffeoyl-CoA 
O-methyltransferase (CCoAOMT) coincided with lignin deposi¬ 
tion in differentiating tracheary elements in zinnia and other 
plant species (Guo et al. 2001; Mavandad et al. 1990; Ni et al. 
1996; Ye 1997). The monolignol Para-hydroxyphenyl residue is 
synthesized from L-phenylalanine under the successive reactions 
of Phenylalanine ammonia-lyase, Cinnamate 4-hydroxylase, 

4- coumarate:CoA ligase , Cinnamoyl-CoA reductase, Cinnamyl 

alcohol dehydrogenase, Cell wall-bound oxidases. The mono¬ 
lignol Guaiacyt residue is synthesized from L-phenylalanine 
under the successive reactions of Phenylalanine ammonia-lyase, 
Cinnamate 4-hydroxylase, Cinnamate 3-hydroxylase, 

O-methyltransferase, 4-coumarate:CoA ligase, Cinnamoyl-CoA 
reductase, Cinnamyl alcohol dehydrogenase, Cell wall-bound 
oxidases. The monolignol Syringyl residue is synthesized from 
L-phenylalanine under the successive reactions of Phenylalanine 
ammonia-lyase, Cinnamate 4-hydroxylase, Cinnamate 
3-hydroxylase, O-methyltransferase, Ferulate 

5- hydroxylase,4-coumarate:CoA ligase, Caffeoyl-COA 

3-O-methyltransferase, Cinnamoyl-CoA reductase, Cinnamyl 
alcohol dehydrogenase, Cell wall-bound oxidases (Fig. 3). Feed- 
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ing experiments with radiolabeled monolignol glucosides 
showed that hydroxylation and methylationof the aromatic C3 
and C5 positions could also occur at the aldehyde or alcohollevel 
(Franke et al. 2002; Hawkins et al. 1997; Kajita et al. 1997; Ye 
1997), indicating the existence of enzymes able to catalyze these 


conversions. The aromatic C5 position is hydroxylated and me¬ 
thylated preferentially at the cinnamaldehyde or cinnamyl alco¬ 
hollevel and that the predominant role for Cinnamoyl-CoA re¬ 
ductase is the reduction of feruloyl-CoAto coniferaldehyde 
(Hawkins et al. 1997; Kajita et al. 1997; Ye 1997). 
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Fig. 3: Monolignol biosynthetic pathways. 

Based on lignin compositional analyses, enzymatic assays, and transgenic plants, the production of monolignols is expected to be three major routes. The 
monolignol Para-hydroxyphenyl residue is synthesized from L-phenylalanine under the successive reactions of Phenylalanine ammonia-lyase, Cinnamate 
4-hydroxylase, 4-coumarate:CoA ligase , Cinnamoyl-CoA reductase, Cinnamyl alcohol dehydrogenase, Cell wall-bound oxidases. The monolignol 
Guaiacyt residue is synthesized from L-phenylalanine under the successive reactions of Phenylalanine ammonia-lyase, Cinnamate 4-hydroxylase, Cin¬ 
namate 3-hydroxylase, O-methyltransferase, 4-coumarate:CoA ligase, Cinnamoyl-CoA reductase, Cinnamyl alcohol dehydrogenase, Cell wall-bound 
oxidases. The monolignol Syringyl residue is synthesized from L-phenylalanine under the successive reactions of Phenylalanine ammonia-lyase, Cinna¬ 
mate 4-hydroxylase, Cinnamate 3-hydroxylase, O-methyltransferase, Ferulate 5-hy droxylase,4-coumarate :CoA ligase, Caffeoyl-COA 
3-O-methyltransferase, Cinnamoyl-CoA reductase, Cinnamyl alcohol dehydrogenase, Cell wall-bound oxidases. 


Cinnamyl alcohol dehydrogenase is a multifunctional enzyme 
that catalyzes the final reduction of the cinnamaldehydesto the 
corresponding alcohols. However, a Cinnamyl alcohol dehydro¬ 
genase homolog from aspen, sinapyl alcohol dehydrogenase 
(Giaquinta et al. 1983), which preferentially reduces sinapalde¬ 
hyde to sinapyl alcohol, was identified. Aspen Cinnamyl alcohol 
dehydrogenase preferentially reduces coniferaldehyde; therefore, 
SAD may be the enzyme responsible for the final step in the 
biosynthesis of sinapyl alcohol (Kajita et al. 1996; Mavandad et 
al. 1990; Whetten et al. 1998), by incorporating C3H into the 
scheme for monolignol biosynthesis. In Arabidopsis, 
/>-coumarate is first converted to ;?coumaroyl-CoA by 4CL, with 
subsequent conversion to ^>-coumaroyl-shikimate and 
/>-coumaroyl-quinate, the substrates for C3H, by 
/>-hydroxycinnamoyl-CoA:Dquinate-(CQT) (Guo et al. 2001; 
Humphreys and Chappie 2002; Kawai et al. 1996). These en¬ 


zymes, described as reversible enzymes, can convert caffe- 
oyl-shikimate or caffeoyl-quinate into caffeoyl-CoA, the sub¬ 
strate for CCoAOMT (Kajita et al. 1996; Mavandad et al. 1990; 
Whetten et al. 1998). Although the basic background of lignin 
biosynthesis is recognized, much more work is needed to estab¬ 
lish a model pathway that may be acceptable for most of the 
plant species. 

Cellulosic ethanol as biofuel 

Cellulosic ethanol is a type of biofuel produced from lignocellu- 
lose, which comprises much of the mass of plants including cel¬ 
lulose, hemicelluloses, and lignin (Demain et al. 2005; Nair et al. 
2002). Com stover, switchgrass, miscanthus, and woodchips are 
some of the most popular cellulosic materials for ethanol produc- 
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tion. Cellulosic ethanol is chemically identical to ethanol pro¬ 
duced from other sources, such as starch and sugar, but has the 
advantage that the lignocellulose raw material is highly abundant 
and diverse (Demain et al. 2005; Nair et al. 2002). However, it 
differs in that it requires a greater amount of processing to make 
the sugar monomers available to the microorganisms that are 
typically used to produce ethanol by fermentation. The first at¬ 
tempt at commercializing a process for ethanol from wood was 
done in Germany in 1898. It involved the use of dilute acid to 
hydrolyze the cellulose to glucose, and was able to produce 7.6 L 
of ethanol per 100 kg of wood waste (Batard et al. 1997; Baucher 
et al. 1996; Bell-Lelong et al. 1997; Demain et al. 2005). The 
Germans soon developed an industrial process optimized for 
yields of around 50 gallons per ton of biomass. This process 
soon found its way to the United States, culminating in two 
commercial plants operating in the southeast during World War I. 
A steady amount of research on dilute acid hydrolysis continued 
at the USDA's Forest Products Laboratory (Batard et al. 1997; 
Baucher et al. 1996; Bell-Lelong et al. 1997; Demain et al. 2005; 
Nair et al. 2002). 

In April 2004, Iogen Corporation became the first biotechnol¬ 
ogy firm business to commercially sell cellulosic ethanol. The 
primary consumer thus far has been the Canadian government. 
Currently, the United States government has invested millions of 
dollars into assisting the commercialization of cellulosic ethanol 
(Batard et al. 1997; Baucher et al. 1996; Bell-Lelong et al. 1997; 
Demain et al. 2005; Nair et al. 2002). Another company that 
appears to be nearing commercialization of cellulosic ethanol is 
from Spain. Using process and pre-treatment technology, this 
company is building a 5 million gallon cellulosic ethanol facility 
in Spain and has recently entered into a strategic research and 
has created a new and better enzyme mixture which may be used 
to improve both the efficiencies and cost structure of producing 
cellulosic ethanol (Batard et al. 1997; Baucher et al. 1996; 
Bell-Lelong et al. 1997; Demain et al. 2005). In U.S., the first 


cellulosic ethanol pilot plants have created in Louisiana and ex¬ 
pected to achieve mechanical completion of a 1.4 million gal- 
lon-per-year, demonstration-scale facility to produce cellulosic 
ethanol. In addition, the Company’s process technology has been 
licensed and incorporated into a cellulosic ethanol plant in Japan, 
which is the world’s first commercial-scale plant to produce 
cellulosic ethanol from wood construction waste (Baucher et al. 
1996; Demain et al. 2005). 

The government of the United States has proposed to expand 
the use of cellulosic ethanol by announcing a proposed mandate 
for 35 billion gallons of ethanol by 2017. It is widely recognized 
that the maximum production of ethanol from corn starch is 15 
billion gallons per year, implying a proposed mandate for pro¬ 
duction of some 20 billion gallons per year of cellulosic ethanol 
by 2017 (Batard et al. 1997; Baucher et al. 1996; Demain et al. 
2005). The government of the United States has a proposed plan 
including $2 billion funding from 2007-2017 for cellulosic etha¬ 
nol plants, with an additional $1.6 billion announced by the 
USD A. In March 2007, the US government awarded $385 mil¬ 
lion in grants aimed at jumpstarting ethanol production from 
nontraditional sources like wood chips, switchgrass and citrus 
peels. Half of the six projects chosen will use thermo-chemical 
methods and half will use cellulosic ethanol methods (Batard et 
al. 1997; Baucher et al. 1996; Demain et al. 2005; Klinke et al. 
2004; Mosier et al. 2005). 

There are two ways of producing alcohol from cellulose. One 
is the cellulolysis processes which consist of hydrolysis on pre¬ 
treated lignocellulosic materials followed by fermentation and 
distillation; another is the gasification that transforms the ligno¬ 
cellulosic raw material into gaseous carbon monoxide and hy¬ 
drogen (Mosier et al. 2005; Ohsugi and Huber 1987). These 
gases can be converted to ethanol by fermentation or chemical 
catalysis. They both include distillation as the final step to isolate 
the pure ethanol (Table 3). 


Table 3: The two ways of producing alcohol from cellulose 


Steps 

Cellulolysis (biological approach) 

Gasification process (thermochemical approach) 

References 

1 

Pretreatment phase to make the lignocellulosic material 
such as wood or straw amenable to hydrolysis 

Complex carbon based molecules are broken apart to 
access the carbon as carbon monoxide, carbon dioxide and 
hydrogen are produced 

(Demain et al. 2005; 

Warren 1996) 

2 

Cellulose hydrolysis (cellulolysis) to break down the 

molecules into sugars. Separation of the sugar solution 

from the residual materials of lignin 

Convert the carbon monoxide, carbon dioxide and hy¬ 
drogen into ethanol using the Clostridium ljungdahlii 
organism 

(Demain et al. 2005; 

Kajita et al. 1996) 

3 

Microbial fermentation of the sugar solution. Distilla¬ 
tion to produce 99.5% pure alcohol. 

Ethanol is separated from water by distillation 

[ (Culleton et al. 2013; 

Davin and Lewis 2000) 


Cellulose is the most abundant material from the resource of 
plant. To produce biofuel, an effective pretreatment is needed to 
liberate the cellulose from the lignin seal and its crystalline 
structure so as to render it accessible for a subsequent hydrolysis 
step (Everard et al. 1994; Landry et al. 1995). Currently, the 
available pretreatment techniques include acid hydrolysis, steam 
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explosion, ammonia fiber expansion, alkaline wet oxidation and 
ozone pretreatment. The cellulose molecules are composed of 
long chains of sugar molecules of various kinds. In the hydroly¬ 
sis process, these chains are broken down to free the sugar, be¬ 
fore it is fermented for alcohol production (Demain et al. 2005; 
Klinke et al. 2004). There are two major cellulose hydrolysis 



Journal of Forestry Research (2014) 25(2): 225-236 


233 


processes: one is chemical reaction using acids, the other is en¬ 
zymatic reaction using enzyme. Various enzyme companies have 
contributed significant technological breakthroughs in cellulosic 
ethanol through the mass production of enzymes for hydrolysis 
at competitive prices. Some of enzyme companies are develop¬ 
ing genetically engineered fungi which would produce large 
volumes of cellulase, xylanase and hemicellulase enzymes which 
can be utilized to convert agricultural residues such as corn 
stover, distiller grains, and woodchips into fermentable sugars 
which may be used to produce cellulosic ethanol (Demain et al. 
2005; Dixon et al. 2001; Everard et al. 1994). 

The ability of the fermenting microorganisms to utilize the 
whole range of sugars available from the hydrolysate is vital to 
increase the economic competitiveness of cellulosic ethanol and 
potentially bio-based chemicals. In recent years, metabolic engi¬ 
neering for microorganisms used in fuel ethanol production has 
shown significant progress (Demain et al. 2005; Dixon et al. 
2001). Microorganisms such as Zymomonas mobilis and Es¬ 
cherichia coli have been targeted through metabolic engineering 
for cellulosic ethanol production. Traditionally, yeast (* Sac- 
charomyces cerevisiae) has been used in brewery industry to 
produce ethanol from hexoses. Due to the complex nature of the 
carbohydrates present in lignocellulosic biomass, a significant 
amount of xylose and arabinose is also present in the hydrolysate 
(Demain et al. 2005; Everard et al. 1994). Yeast cells are espe¬ 
cially attractive for cellulosic ethanol processes as they have 
been used in biotechnology for hundred of years, as they are 
tolerant to high ethanol and inhibitor concentrations and as they 
can grow at low pH values which avoids bacterial contamina¬ 
tions (Demain et al. 2005; Mosier et al. 2005). 

The gasification process does not rely on chemical decompo¬ 
sition of the cellulose chain. Instead of breaking the cellulose 
into sugar molecules, the carbon in the raw material is converted 
into synthesis gas, using what amounts to partial combustion. 
The carbon monoxide, carbon dioxide and hydrogen may then be 
fed into a special kind of fermenter. Alternatively, the synthesis 
gas from gasification may be fed to a catalytic reactor where the 
synthesis gas is used to produce ethanol and other higher alco¬ 
hols through a thermochemical process (Demain et al. 2005; 
Lorenzen et al. 1996). This process can also generate other types 
of liquid fuels, an alternative concept under investigation by at 
least one biofuel company (Dixon et al. 2001; Giaquinta et al. 
1983). As of 2007, ethanol is produced mostly from sugars or 
starches, obtained from fruits and grains. In contrast, cellulosic 
ethanol is obtained from cellulose, the main component of wood, 
straw and much of the structure of plants. Since cellulose cannot 
be digested by humans, the production of cellulose does not 
compete with the production of food, other than conversion of 
land from food production to cellulose production. Moreover, 
even land marginal for agriculture could be planted with cellu¬ 
lose-producing crops, resulting in enough production to substi¬ 
tute for all the current oil imports into the United States (Dixon 
et al. 2001; Giaquinta et al. 1983). 

Currently, com is easier and less expensive to process into 
ethanol in comparison to cellulosic ethanol. The Department of 
Energy estimates that it costs about $2.20 per gallon to produce 


cellulosic ethanol, which is twice as much as ethanol from corn. 
One of the major reasons for increasing the use of biofuel is to 
reduce greenhouse gas emissions (Demain et al. 2005; Ohsugi 
and Huber 1987). In comparison to gasoline, ethanol burns 
cleaner with a greater efficiency, thus putting less carbon dioxide 
and overall pollution in the air. Additionally, only low levels of 
smog are produced from combustion (Giaquinta et al. 1983; 
Humphreys and Chappie 2002; Joyce and Stewart 2012). Ac¬ 
cording to the U.S. Department of Energy, ethanol from cellulose 
reduces greenhouse gas emission by 90 percent, when compared 
to gasoline and in comparison to corn-based ethanol which de¬ 
creases emissions by 10 to 20 percent (Demain et al. 2005; 
Warren 1996). Carbon dioxide gas emissions are shown to be 
85% lower than those from gasoline. Cellulosic ethanol contrib¬ 
utes little to the greenhouse effect and has a five times better net 
energy balance than corn-based (Demain et al. 2005; Warren 
1996). When used as a fuel, cellulosic ethanol releases less sulfur, 
carbon monoxide, particulates, and greenhouse gases. Cellulosic 
ethanol should earn producers carbon reduction credits, higher 
than those given to producers who grow corn for ethanol, which 
is about 3 to 20 cents per gallon (Giaquinta et al. 1983; 
Humphreys and Chappie 2002; Joyce and Stewart 2012). Trans¬ 
genic trees can be a great resource for the production of cellu¬ 
losic ethanol. There is huge potential to produce biofuel from 
woodchips derived from transgenic trees after reducing the con¬ 
tent of lignin and increasing the content of cellulose through 
genetic modification. Production of transgenic pine (Fig. 4) pro¬ 
vides great potential for transgenic tree as a source for biofuel 
(Tang and Newton 2005; Tang et al. 2006; Tang et al. 2007). 

Transgenic trees can be a great resource for the production of 
cellulosic ethanol. The entire plant of transgenic trees can be 
used when producing cellulosic ethanol. Transgenic trees that 
produce biomass materials require fewer inputs, such as fertilizer, 
herbicides, and other chemicals that can pose risks to wildlife. 
Their extensive roots of transgenic trees improve soil quality, 
reduce erosion, and increase nutrient capture. Transgenic trees 
provide an environment for diverse wildlife habitation, mainly 
insects and ground birds. It is also tolerant to poor soils, flooding, 
and drought; improves soil quality and prevents erosion due its 
type of root system. Transgenic trees reduce soil erosion, en¬ 
hance water quality, and increases wildlife habitat. Cellulosic 
ethanol commercialization based on transgenic trees can contrib¬ 
ute to a successful renewable fuels future. Transgenic trees as a 
new source for biofuel offers significant opportunities for tree 
farmers, biotechnology firms, project developers, and energy 
investors. 
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Fig. 4 : The process of producing transgenic pine 

Transgenic plants regenerated from kanamycin-resistant callus cultures in pine. A-C Kanamycin-resistant calli derived from cotyledons of mature zygotic embryos. D 
Scanning electronic microscopy of a shoot derived from transgenic callus on shoot formation medium for 5 weeks. E A cluster of shoots cultured on shoot formation 
medium for 6 weeks. F Twelve-week transgenic plantlet established in soil in the greenhouse . 


References 

Batard Y, Schalk M, Pierrel MA, Zimmerlin A, Durst F, Werck-Reichhart D. 
1997. Regulation of the cinnamate 4-hydroxylase (CYP73A1) in 
Jerusalem artichoke tubers in response to wounding and chemical 
treatments. Plant Physiol, 113: 951-959. 

Battulga P, Tsogtbaatar J, Dulamsuren C, Hauck M. 2013. Equations for 
estimating the above-ground biomass of Larix sibirica in the forest-steppe 
of Mongolia. J For Res (Harbin), 24: 431-437. 

Baucher M, Chabbert B, Pilate G, Van Doorsselaere J, Tollier MT, Petit-Conil 
M, Cornu D, Monties B, Van Montagu M, Inze D, Jouanin F, Boerjan W. 
1996. Red xylem and higher lignin extractability by down-regulating a 
cinnamyl alcohol dehydrogenase in poplar. Plant Physiol, 112: 
1479-1490. 

Bell-Felong DA, Cusumano JC, Meyer K, Chappie C. 1997. 
Cinnamate-4-hydroxylase expression in Arabidopsis. Regulation in 
response to development and the environment. Plant Physiol, 113: 
729-738. 

Busam G, Junghanns KT, Kneusel RE, Kassemeyer HH, Matern U. 1997. 
Characterization and expression of caffeoyl-coenzyme A 
3-O-methyltransferase proposed for the induced resistance response of 
Vitis vinifera F. Plant Physiol, 115: 1039-1048. 

Byrt CS, Cahyanegara R, Grof CP. 2012. Plant carbohydrate binding module 
enhances activity of hybrid microbial cellulase enzyme. Front Plant Sci, 3: 
254. 

Chappie CC, Vogt T, Ellis BE, Somerville CR. 1992. An Arabidopsis mutant 

^ Springer 


defective in the general phenylpropanoid pathway. Plant Cell 4: 
1413-1424. 

Chen X, Alonso AP, Shachar-Hill Y. 2013. Dynamic metabolic flux analysis of 
plant cell wall synthesis. Metab Eng, 18: 78-85. 

Cho S, Fuong TT, Fee D, Oh YK, Fee T. 2011. Reuse of effluent water from a 
municipal wastewater treatment plant in microalgae cultivation for biofuel 
production. Bioresour Technol, 102: 8639-8645. 

Culleton H, McKie V, de Vries RP. 2013. Physiological and molecular aspects 
of degradation of plant polysaccharides by fungi: what have we learned 
from Aspergillus? Biotechnol J, 8:884-894. 

Davin FB, Fewis NG (2000) Dirigent proteins and dirigent sites explain the 
mystery of specificity of radical precursor coupling in lignan and lignin 
biosynthesis. Plant Physiol, 123:453-462. 

Demain AF, Newcomb M, Wu JH. 2005. Cellulase, Clostridia, and ethanol. 
Microbiol Mol Biol Rev, 69:124-154. 

Dharmawardhana DP, Ellis BE, Carlson JE. 1999. cDNA cloning and 
heterologous expression of coniferin beta-glucosidase. Plant Mol Biol, 40: 
365-372. 

Dixon RA, Chen F, Guo D, Parvathi K. 2001. The biosynthesis of monolignols: 
a "metabolic grid", or independent pathways to guaiacyl and syringyl units? 
Phytochemistry, 57: 1069-1084. 

Dutta G, Devi A (2013) Plant diversity, population structure, and regeneration 
status in disturbed tropical forests in Assam, northeast India. J For Res 
(Harbin), 24: 715-720. 

Everard JD, Gucci R, Kann SC, Flore JA, Foescher WH. 1994. Gas exchange 
and carbon partitioning in the leaves of celery (Apium graveolens F.) at 
various levels of root zone salinity. Plant Physiol, 106: 281-292. 




Journal of Forestry Research (2014) 25(2): 225-236 


235 


Franke R, Hemm MR, Denault JW, Ruegger MO, Humphreys JM, Chappie C. 
2002. Changes in secondary metabolism and deposition of an unusual 
lignin in the ref8 mutant of Arabidopsis. Plant J, 30: 47-59. 

Giaquinta RT, Lin W, Sadler NL, Franceschi VR. 1983. Pathway of Phloem 
unloading of sucrose in corn roots. Plant Physiol, 72: 362-367. 

Gibson DM, King BC, Hayes ML, Bergstrom GC. 2011. Plant pathogens as a 
source of diverse enzymes for lignocellulose digestion. Curr Opin 
Microbiol, 14: 264-270. 

Guo D, Chen F, Inoue K, Blount JW, Dixon RA. 2001. Downregulation of 
caffeic acid 3-O-methyltransferase and caffeoyl Co A 

3-O-methyltransferase in transgenic alfalfa, impacts on lignin structure 
and implications for the biosynthesis of G and S lignin. Plant Cell, 13: 
73-88 

Hawkins S, Samaj J, Lauvergeat V, Boudet A, Grima-Pettenati J. 1997. 
Cinnamyl alcohol dehydrogenase: identification of new sites of promoter 
activity in transgenic poplar. Plant Physiol, 113: 321-325. 

Humphreys JM, Chappie C. 2002. Rewriting the lignin roadmap. Curr Opin 
Plant Biol, 5: 224-229. 

Inoue K, Sewalt VJ, Murray GB, Ni W, Sturzer C, Dixon RA. 1998. 
Developmental expression and substrate specificities of alfalfa caffeic 
acid 3-O-methyltransferase and caffeoyl coenzyme A 
3-O-methyltransferase in relation to lignification. Plant Physiol, 117: 
761-770 

Johansson T. 2013. Biomass production of hybrid aspen growing on former 
farmland in Sweden. J For Res (Harbin) 24: 237-246 

Joseleau JP, Ruel K. 1997. Study of lignification by noninvasive techniques in 
growing maize internodes. An investigation by Fourier transform infrared 
cross-polarization-magic angle spinning 13C-nuclear magnetic resonance 
spectroscopy and immunocytochemical transmission electron microscopy. 
Plant Physiol, 114:1123-1133. 

Joyce BL, Stewart CN, Jr. 2012. Designing the perfect plant feedstock for 
biofuel production: using the whole buffalo to diversify fuels and products. 
Biotechnol Adv, 30:1011-1022. 

Jung SK, Parisutham V, Jeong SH, Lee SK. 2012. Heterologous expression of 
plant cell wall degrading enzymes for effective production of cellulosic 
biofuels. JBiomed Biotechnol, 2012: Article ID: 405842. 

Kajita S, Hishiyama S, Tomimura Y, Katayama Y, Omori S. 1997. Structural 
characterization of modified lignin in transgenic tobacco plants in which 
the activity of 4-coumarate:coenzyme a ligase is depressed. Plant Physiol. 
114: 871-879. 

Kajita S, Katayama Y, Omori S. 1996. Alterations in the biosynthesis of lignin 
in transgenic plants with chimeric genes for 4-coumarate: coenzyme A 
ligase. Plant Cell Physiol, 37: 957-965. 

Kawai S, Mori A, Shiokawa T, Kajita S, Katayama Y, Morohoshi N. 1996. 
Isolation and analysis of cinnamic acid 4-hydroxylase homologous genes 
from a hybrid aspen, Populus kitakamiensis. Biosci Biotechnol Biochem, 
60: 1586-1597. 

Klinke HB, Thomsen AB, Ahring BK. 2004. Inhibition of ethanol-producing 
yeast and bacteria by degradation products produced during pre-treatment 
of biomass . Appl Microbiol Biotechnol, 66: 10-26. 

Koopmann E, Logemann E, Hahlbrock K. 1999. Regulation and functional 
expression of cinnamate 4-hydroxylase from parsley. Plant Physiol, 119: 
49-56. 

Landry LG, Chappie CC, Last RL. 1995. Arabidopsis mutants lacking phenolic 
sunscreens exhibit enhanced ultraviolet-B injury and oxidative damage. 
Plant Physiol, 109:1159-1166. 


Lee D, Meyer K, Chappie C, Douglas CJ. 1997. Antisense suppression of 
4-coumarate:coenzyme A ligase activity in Arabidopsis leads to altered 
lignin subunit composition. Plant Cell, 9: 1985-1998. 

Lorenzen M, Racicot V, Strack D, Chappie C. 1996. Sinapic acid ester 
metabolism in wild type and a sinapoylglucose-accumulating mutant of 
arabidopsis. Plant Physiol, 112:1625-1630. 

Madore M, Grodzinski B. 1984. Effect of oxygen concentration on 
c-photoassimilate transport from leaves of Salvia splendens L. Plant 
Physiol, 76:782-786. 

Mavandad M, Edwards R, Liang X, Lamb CJ, Dixon RA. 1990. Effects of 
trans-cinnamic acid on expression of the bean phenylalanine 
ammonia-lyase gene family. Plant Physiol, 94: 671-680. 

Meyer K, Cusumano JC, Somerville C, Chappie CC. 1996. 
Ferulate-5-hydroxylase from Arabidopsis thaliana defines a new family 
of cytochrome P450-dependent monooxygenases. Proc Natl Acad Sci 
USA, 93: 6869-6874. 

Mizutani M, Ohta D, Sato R. 1997. Isolation of a cDNA and a genomic clone 
encoding cinnamate 4-hydroxylase from Arabidopsis and its expression 
manner inplanta. Plant Physiol, 113: 755-763. 

Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, Ladisch M. 
2005. Features of promising technologies for pretreatment of 
lignocellulosic biomass. Bioresour Technol, 96: 673-686. 

Mudalkar S, Golla R, Sengupta D, Ghatty S, Reddy AR. 2014. Molecular 
cloning and characterisation of metallothionein type 2a gene from 
Jatropha curcas L., a promising biofuel plant. Mol Biol Rep, 41: 113-124. 

Nair RB, Xia Q, Kartha CJ, Kurylo E, Hirji RN, Datla R, Selvaraj G. 2002. 
Arabidopsis CYP98A3 mediating aromatic 3-hydroxylation. 
Developmental regulation of the gene, and expression in yeast. Plant 
Physiol, 130: 210-220. 

Ni W, Sewalt V, Korth KL, Blount JW, Ballance GM, Dixon RA. 1996. Stress 
responses in Alfalfa (XXL Activation of caffeic acid 
3-O-Methyltransferase and caffeoyl coenzyme A 3-O-Methyltransferase 
genes does not contribute to changes in metabolite accumulation in 
elicitor-treated cell-suspension cultures). Plant Physiol, 112: 717-726. 

Noctor G, Foyer CH. 1998. Ascorbate and glutathione: keeping active oxygen 
under control. Anna Rev Plant Physiol Plant Mol Biol, 49: 249-279. 

Ohsugi R, Huber SC. 1987. Light modulation and localization of sucrose 
phosphate synthase activity between mesophyll cells and bundle sheath 
cells in C4 species. Plant Physiol, 84:1096-1101. 

Rasmussen S, Dixon RA. 1999. Transgene-mediated and elicitor-induced 
perturbation of metabolic channeling at the entry point into the 
phenylpropanoid pathway. Plant Cell, 11: 1537-1552. 

Robinson C. 1999. Making forest biotechnology a commercial reality. Do we 
need a tree genome project, or will Arabidopsis point the way? Nat 
Biotechnol, 17: 27-30. 

Ruegger M, Meyer K, Cusumano JC, Chappie C. 1999. Regulation of 
ferulate-5-hydroxylase expression in Arabidopsis in the context of 
sinapate ester biosynthesis. Plant Physiol, 119: 101-110. 

Ryser U, Schorderet M, Zhao GF, Studer D, Ruel K, Hauf G, Keller B. 1997. 
Structural cell-wall proteins in protoxylem development: evidence for a 
repair process mediated by a glycine-rich protein. Plant J, 12: 97-111. 

Saathoff AJ, Donze T, Palmer NA, Bradshaw J, Heng-Moss T, Twigg P, Tobias 
CM, Lagrimini M, Sarath G. 2013. Towards uncovering the roles of 
switchgrass peroxidases in plant processes. Front Plant Sci, 4: 202. 

Samuels AL, Rensing KH, Douglas CJ, Mansfield SD, Dharmawardhana DP, 
Ellis BE. 2002. Cellular machinery of wood production: differentiation of 

^ Springer 




236 


Journal of Forestry Research (2014) 25(2): 225-236 


secondary xylem in Pinus contorta var. latifolia. Planta, 216:72-82. 

Sewalt V, Ni W, Blount JW, Jung HG, Masoud SA, Howies PA, Lamb C, 
Dixon RA. 1997. Reduced lignin content and altered lignin composition in 
transgenic tobacco down-regulated in expression of 1-phenylalanine 
ammonia-lyase or cinnamate 4-hydroxylase. Plant Physiol, 115: 41-50. 

Tang W. 2003. Additional virulence genes and sonication enhance 
Agrobacterium tumefaciens-medmted loblolly pine transformation. Plant 
Cell Rep, 21: 555-562. 

Tang W, Charles TM, Newton RJ. 2005. Overexpression of the pepper 
transcription factor CaPFl in transgenic Virginia pine {Pinus Virginiana 
Mill.) confers multiple stress tolerance and enhances organ growth. Plant 
Mol Biol, 59: 603-617. 

Tang W, Harris LC, Outhavong V, Newton RJ. 2004. Antioxidants enhance in 
vitro plant regeneration by inhibiting the accumulation of peroxidase in 
Virginia pine {Pinus virginiana Mill.). Plant Cell Rep, 22: 871-877. 

Tang W, Newton RJ. 2003. Genetic transformation of conifers and its 
application in forest biotechnology. Plant Cell Rep, 22: 1-15. 

Tang W, Newton RJ. 2004. Regulated gene expression by glucocorticoids in 
cultured Virginia pine {Pinus virginiana Mill.) cells. J Exp Bot, 55: 
1499-1508. 

Tang W, Newton RJ. 2005. Peroxidase and catalase activities are involved in 
direct adventitious shoot formation induced by thidiazuron in eastern 
white pine {Pinus strobus L.) zygotic embryos. Plant Physiol Biochem, 43: 
760-769. 

Tang W, Newton RJ. 2005. Plant regeneration from callus cultures derived 
from mature zygotic embryos in white pine {Pinus strobus L.). Plant Cell 
Rep, 24:1-9. 

Tang W, Newton RJ, Charles TM. 2006. Plant regeneration through multiple 
adventitious shoot differentiation from callus cultures of slash pine {Pinus 
elliottii). J Plant Physiol, 163: 98-101. 

Tang W, Newton RJ, Lin J, Charles TM. 2006. Expression of a transcription 
factor from Capsicum annuum in pine calli counteracts the inhibitory 
effects of salt stress on adventitious shoot formation. Mol Genet Genomics, 


276: 242-253. 

Tang W, Newton RJ, Weidner DA. 2007. Genetic transformation and gene 
silencing mediated by multiple copies of a transgene in eastern white pine. 
J Exp Bot, 58: 545-554. 

Tuominen H, Sitbon F, Jacobsson C, Sandberg G, Olsson O, Sundberg B. 1995. 
Altered growth and wood characteristics in transgenic hybrid aspen 
expressing Agrobacterium tumefaciens T-DNA indoleacetic 
acid-biosynthetic genes. Plant Physiol, 109: 1179-1189. 

Turgeon R, Wimmers LE. 1988. Different patterns of vein loading of 
exogenous sucrose in leaves of Pisum sativum and Coleus blumei. Plant 
Physiol, 87:179-182. 

Vignols F, Rigau J, Torres MA, Capellades M, Puigdomenech P. 1995. The 
brown midrib3 {bm3) mutation in maize occurs in the gene encoding 
caffeic acid O-methyltransferase. Plant Cell, 7: 407-416. 

Warren RA. 1996. Microbial hydrolysis of polysaccharides. Annu Rev 
Microbiol, 50: 183-212. 

Weigel D, Nilsson O. 1995. A developmental switch sufficient for flower 
initiation in diverse plants. Nature, 377: 495-500. 

Whetten R, Sederoff R. 1995. Lignin biosynthesis. Plant Cell, 7: 1001-1013. 

Whetten RW, MacKay JJ, Sederoff RR. 1998. Recent advances in 
understanding lignin biosynthesis. Annu Rev Plant Physiol Plant Mol Biol, 
49: 585-609. 

Wingate VP, Lawton MA, Lamb CJ. 1988. Glutathione causes a massive and 
selective induction of plant defense genes. Plant Physiol, 87: 206-210. 

Ye ZH. 1997. Association of caffeoyl coenzyme A 3-O-methyltransferase 
expression with lignifying tissues in several dicot plants. Plant Physiol, 
115: 1341-1350. 

Zhang L, He LL, Fu QT, Xu ZF. 2013. Selection of reliable reference genes for 
gene expression studies in the biofuel plant Jatropha curcas using 
real-time quantitative PCR. IntJMol Sci, 14: 24338-24354. 

Zhong R, Iii WH, Negrel J, Ye ZH. 1998. Dual methylation pathways in lignin 
biosynthesis. Plant Cell, 10: 2033-2046. 


^ Springer 




